The immunity (imm) 
The immunity (imm) gene It has long been known that when Escherichia coli is sequentially infected with two T-even-type bacteriophages, genetic markers from the superinfecting phage are not recovered (6, 10) . The superinfecting phage adsorbs normally to the cells and the tail sheath is contracted, but DNA is found to be ejected into the periplasmic space where it is degraded by endonuclease I (1). A gene, imm, responsible for about 80% of this superinfection immunity was found (30) to be located between genes 42 and 43 on the T4 genome (2, 4) . The mechanism of action of the immunity protein, which is produced within 1 to 2 min after infection (1) , has remained unknown. An elucidation of this mechanism could help in understanding the process of normal transfer of phage DNA across the plasma membrane (for a discussion, see reference 9) . We have brought a gene, located on the T4 genome at the position mentioned above, under the control of the lac regulatory elements on a plasmid. An analysis of the function of the corresponding protein showed that it is responsible for most of the superinfection immunity.
MATERIALS AND METHODS
Bacterial strains, phages, plasmids, and media. For most experiments, strain JM109 (35; recA /lac-pro endA gyrA thi hsdR supE relA F' traD proAB' lacIq Z AM15) was used.
For experiments concerning ejected DNA, E. coli B was used. Phages T4 imm amN122 (amber in g42) and T4 amEl (imm+, amber in g36) were kindly provided by W. B. Wood, and phage X NM641.8 was provided by N. E. Murray. Plasmids pUC19 (35) and pDMI/1 (M. Lanz, Ph.D. thesis, University of Heidelberg, Heidelberg, Federal Republic of Germany, 1988) have been described previously. The latter, specifying resistance to kanamycin, carries the laclq gene and was used in E. coli B to supply this repressor protein. Cells were grown in L broth (21) supplemented, when required, with glucose (0.5%), IPTG (isopropyl-p-D-thiogalactopyranoside) (1 mM), ampicillin (20 p.g/ml), or kanamycin (25 V.g/ml). Indicator medium for 3-galactosidase activity contained IPTG and bromochloroindolyl galactoside (40 p.g/ml). For labeling phage with 32p, phage were propagated in E. coli B growing in Tris-glucose medium (14) containing radioactive phosphate (10 ,uCi/ml). The specific radioactivity of the phage was 8.8 x 10-5 cpm /PFU. TE buffer consists of * Corresponding author. 10 mM Tris chloride (pH 8.0) and 1 mM EDTA. The preparation of anti-T4 serum (rabbit) has been described previously (26) .
Construction of plasmids. A 1.8-kilobase (kb) EcoRI T4 DNA fragment from phage A NM641.8 was transferred into pUC19 and was recovered in both orientations (see pL641.8-1 and -2, Fig. 1 ). T4 gene 42, present on this fragment, was partially deleted by restricting plasmid pL641.8-1 with HpaI and NdeI, filling in the latter site with the Klenow fragment of the E. coli DNA polymerase I, and religation, yielding pL641.8-3. Plasmid pL641.8-3SN was obtained by cutting pL641.8-3 with SmaI plus NcoI, followed by a fill-in reaction and religation. In this plasmid, a fusion protein is encoded, and the first 16 amino acid residues of the 3-galactosidase are fused, via an Ala residue (stemming from the filled-in NcoI site), to residue 27 of the Imm protein. Plasmids pL641.8-3C1 and -3C2 were constructed by restriction of pL641.8-3 with NcoI and filling in and religation in the presence of a 200-fold molar excess of a ClaI linker (CATCGATG; New England BioLabs, Inc.). DNA sequencing revealed that in pL641.8-3C1 and -3C2 one and two linkers, respectively, were present. The former represents an in-frame insertion; the sequence -Pro-26-Trp-is altered to -Pro-26-Cys-IleAsp-Ala-Trp27-. Insertion of two linkers brings the gene out of frame; a stop codon (TGA) follows 33 codons downstream from the codon for Pro-26 (see Table 1 ).
Phage T4 amEl imm::lac. From plasmid pL641.8-2, the 1.2-kb HindlIl fragment was removed, and religation yielded pL641.8-2H (see Fig. 1 ). A 0.8-kb HgaI fragment from pUC19 (harboring the gene for the c-peptide of P-galactosidase with the lac regulatory elements) was isolated, filled in, and ligated into the NcoI site of the latter plasmid. The desired plasmid, pL641.8 imm::lac (see Fig. 1 ), was identified by its ability to induce blue colony formation of the corresponding cells (strain JM109) on 3-galactosidase indicator medium. Analysis by restriction enzymes revealed the orientation of the lac insert as shown in Fig. 1 . T4 amEl was propagated on this strain harboring the plasmid. Plaques from this lysate were screened for T4 amEl imm::lac by hybridization with linearized (HindIII) pUC19 which had been nick translated (24) with [_x-32P]dATP (800 Ci/mmol; Amersham Corp.); i.e., positive clones must have recombined with the plasmid and carry, within imm, the HgaI fragment described above.
The imm gene and all derivatives thereof were sequenced, by using the relevant plasmids and universal primer or reverse primer, by the dideoxy-chain termination method (25) ; all other manipulations were carried out essentially as described previously (20) . Determination of immunity. Superinfection immunity was determined as described previously (30) Table 3 ) but may also have been due, in part, to cells not pelleted. The acid-soluble and -insoluble fractions were determined as described previously (1) . To determine the amount of DNA remaining with phage-infected cells (see Table 3 ) producing or not producing the Imm protein, 4 ml of cells (109/ml) pregrown for 30 min in the presence of glucose or IPTG were incubated with radioactive phage (MOI, 0.2) for 5 min at 37°C. Samples of 1 or 0.3 ml were used to measure the acid-soluble DNA fraction or the total amount of radioactivity, respectively. The remainder was blended, for 5 and 15 min, respectively, in an Ultraturrax blender (type TP18/10; Bachhofer). One milliliter of these suspensions was centrifuged for 10 min at 6,600 x g. The pellet was suspended with 1 ml of M9 medium (21) containing bovine serum albumin (0.1 mg/ml), and ice-cold trichloroacetic acid was added to both pellet suspension and supernatant to a final concentration of 5%. The insoluble material was collected on nitrocellulose filters and air dried, and radioactivity was determined by scintillation counting.
For the experiment resulting in the data shown in Fig. 7 , E. coli B (1 ml, 2 x 109 cells) was incubated for 30 min in the presence of IPTG and infected with radioactive T4 at an MOI of 0.1. After 5 min at 37°C, KCN was added to a final concentration of 10 mM, and the cells were spun down and suspended in TE buffer. Total DNA was isolated (29) and, to reduce viscosity, the preparation was digested with EcoRI (the enzyme does not cleave modified phage DNA). After ethanol precipitation, the DNA was dissolved in 100 RI of TE buffer. Samples of 25 RI were subjected to electrophoresis in a 0.5% agarose gel. After being dried, the gel was exposed to an X-ray film.
RESULTS
The open reading frame and deduced amino acid sequence.
The imm gene could be present on a 1.8-kb EcoRI fragment of the T4 genome (16 cloned into phage X and shown to contain g42 (34) . For easier handling, this fragment was placed into plasmid pUC19. It was recovered in both orientations. In one orientation, the fragment present in pL641.8-1 (Fig. 1) caused lethality when the corresponding cells were grown in the presence of IPTFG.
DNA sequencing revealed the presence of an open reading frame near the left-hand EcoRI site (pL641.8-1). The DNA sequence of g42 was published previously (17) ; the published sequence preceding g42 was identical with our sequence that followed the open reading frame. The orientation of the two genes, therefore, had to be as shown for this plasmid. Thus, g42 could have been under the control of the lac regulatory elements and overproduction of the dCMP hydroxymethylase, encoded by this gene, could have contributed to the lethality. To test this, the cloned fragment was shortened as shown in Fig. 1 (pL641.8-3) ; however, the toxicity did not disappear when g42 was removed. Apparently, therefore, expression of the cloned gene in plasmid pL641.8-3 was toxic.
The DNA sequence and deduced protein primary structure are shown in Fig. 2 2 (18). Potential ribosome-binding sites (it is not known at which of the two corresponding methionines translation starts), the NcoI site used for plasmid construction, and charged residues delineating two lipophilic regions are underlined.
in Fig. 3 . The phage was efficiently excluded before the cells started to lose viability; i.e., inability of the phage to replicate was apparently not due to infection of dead cells. When the same experiment was performed in the presence of glucose instead of IPTG, or with cells carrying plasmid pUC19 and growing in the presence of IPTG, no reduction of viable phage or cells was observed. The experiment shown in Fig. 3 was performed with strain JM109 carrying plasmid pL641.8-3. The same experiment, but with E. coli B as a host, revealed that this strain would grow longer (>60 min) 
(5)
"The values in parentheses apply to a protein with the second methionine at the NH2 terminus (cf. Fig. 2 with IPTG before the cells started to die and that less immunity was expressed; phage T4 was excluded to only about 70% (data not shown).
The data shown in Fig. 3 could, however, have been misleading. The possibility existed that cells growing under the eventually lethal condition died when infected with phage and thus could not produce infectious centers. The experiments documented in Fig. 4 excluded this possibility.
In the presence of glucose, E. coli B and strain JM109, both carrying pL641.8-3, were killed by T4 in an MOI-dependent way, fitting the Poisson distribution e-m (m, MOI); e.g., at an MOI of 6, 99.8% of the cells are expected, and were found, to be infected. In the presence of IPTG, there was hardly any killing of strain JM109 and a reduced degree of killing of E. coli B.
For the development of this exclusion, a complete ORF42.1 was required ( Table 2) . Removal of 26 NH2-terminal residues abolished both immunity and lethality. An in-frame insertion at the NcoI site also abolished immunity but not lethality; i.e., the immunity function is not required to cause toxicity. Finally, an out-of-frame insertion at this site again caused loss of immunity and lethality. Again, however, the products of the altered genes could not be detected with the same methods used for the complete gene (see above). The effect of expression of ORF42.1 was specific; T2, T4, T6 and the T-even-type phages K3 (28) and Tula (5) were all excluded to the same degree (-80%), while replication of P1 or K was not disturbed. These results strongly suggested that ORF42.1 represents the imm gene.
To prove the case, ORF42.1 was interrupted in the T4 genome. A plasmid-borne ORF42.1 was constructed which had the gene for the ac peptide of the E. coli 3-galactosidase inserted into the NcoI site (pL641.8 imm::lac; Fig. 1 Mechanism of action of the imm gene. DNA in T4 can be labeled with the fluorescent compound DAPI when this dye is present during infection by and replication of the phage (8) . Figure 6 shows the effect of the cloned imm gene on DNA labeled this way. In cells not expressing the imm gene or in cells infected with T4 amEl imm::lac and superinfected with labeled wild-type T4, the DNA was found to be associated with these cells. With cells expressing the gene, the DNA remained in the phage particles. This result was Fig. 2) . The underlined sequence is encoded by a C/al linker (see Materials and Methods). The residues following P-26 in pL641.8-3C2 are encoded by the vector, and the COOH-terminal codon for proline is followed by a TGA stop codon. somewhat difficult to reconcile with earlier data (1) showing that about 50% of the superinfecting phage eject their DNA into the periplasmic space. The possibility existed, however, that the DNA ejected this way went undetected in the fluorescence microscope. Therefore, the fate of radioactively labeled DNA was investigated. The results are shown in Table 3 .
In the absence of the imm gene, DNA not remaining cell associated (acid soluble plus radioactivity removable by shearing) amounted to about 20%, confirming Hershey's early data (14) . In the presence of the Imm protein, about one-third of the DNA escaped immunity (cell-bound radioactivity). This fraction agrees well with the fact that E. coli B, expressing immunity, could exclude T4 to only about 70% (see above). Of the remaining radioactivity, one-half became acid soluble and one-half remained with the phage (removed by shearing). Therefore, either only one-half of the phages excluded by the immunity ejected their DNA or most phages ejected only one-half of the DNA. Surprisingly, most likely the latter possibility applied. Cells were infected with radioactive phage, and after 5 min incubation at 37°C, total DNA was isolated and subjected to agarose gel electrophoresis. Figure 7 demonstrates that phage DNA stemming from cells producing the Imm protein was distinctly smaller than that from controls. It migrated as a band just as sharp as that from the other preparations, indicating that most of this DNA was partially degraded in a defined fashion. DNA exclusively of this electrophoretic mobility was also recov- (30) . We conclude that the gene under study is identical to the imm gene. While it is known that about 20% of this immunity is caused by another gene, sp (3, 7, 31 ; this gene apparently is identical with g40 [22] ), it could be that cellular components are also involved; the degree of immunity, caused by expression of the cloned gene, was strain dependent (JM109 versus E. coli B; see below).
The primary structure of the Imm protein suggests that it represents an integral membrane protein. Following a glutamic acid residue, next to the NH2 terminus, two long hydrophobic sequences exist, interrupted by two positively charged residues. Both these stretches, comprising 30 and 22 residues, could well serve as typical membrane anchors (see, e.g., reference 32). We do not know if translation starts at the methionine codon as indicated in Fig. 2 or at this residue in position 11 . In the latter case, the first hydrophobic area would be reduced to 22 residues, still enough for an anchor sequence. There is no candidate for a signal sequence which, if present, could indicate export of the protein into the periplasmic space or to the outer membrane. Hence, the protein is likely to be anchored in the plasma membrane.
This location would also be expected for another reason. It is known that the tip of the tail core associates with the outer surface of the plasma membrane (27) , an interaction which has more recently been examined in detail (8) . The (23) . The gene for this protein was placed under the control of the strong PL promoter of phage X, and although the polypeptide was then detectable, it was not accumulated in vivo. It appears that a mechanism which keeps the concentration of the Imm protein at a low level is physiologically meaningful; expression of the cloned iinm gene, even when encoding a nonfunctional protein, was toxic. Therefore, production of the polypeptide from the phage genome at higher levels would most likely be deleterious to the cell and, hence, to the growing phage.
From all evidence available and rather surprisingly, most of the phage infecting immune cells and being excluded, in contrast to the situation with nonimmune cells, had lost only about one-half of their DNA after 5 min. (This rapid ejection was followed by a slow leakage of the phage DNA.) A stepwise ejection by T4, comparable to that by T5 (19) , is not known to occur. Thus, the Imm protein must somehow directly or indirectly inhibit DNA ejection. Perhaps this protein not only closes the entrance for phage DNA into the cytosol but, after the phage has begun to eject, also binds to the tip of the tail core and thereby inhibits further rapid exit of DNA.
A phenotypically similar exclusion of DNA is known to exist for conjugative plasmids which specify a barrier, preventing entry of donor DNA from other cells harboring identical or closely related plasmids (33) . In the Incl plasmid R144, this barrier consists of an inhibition of DNA transfer (12) . The exclusion phenomenon is associated with two proteins expressed from the overlapping genes excA and excB (11, 13 (15) .
